Secondary magnetic islands may be generated in the vicinity of an X line during magnetic reconnection. In this paper, by performing two-dimensional (2-D) particle-in-cell simulations, we investigate the role of a secondary magnetic island in electron acceleration during magnetic reconnection with a guide field. The electron motions are found to be adiabatic, and we analyze the contributions of the parallel electric field and Fermi and betatron mechanisms to electron acceleration in the secondary island during the evolution of magnetic reconnection. When the secondary island is formed, electrons are accelerated by the parallel electric field due to the existence of the reconnection electric field in the electron current sheet. Electrons can be accelerated by both the parallel electric field and Fermi mechanism when the secondary island begins to merge with the primary magnetic island, which is formed simultaneously with the appearance of X lines. With the increase in the guide field, the contributions of the Fermi mechanism to electron acceleration become less and less important. When the guide field is sufficiently large, the contribution of the Fermi mechanism is almost negligible. Published by AIP Publishing. [http://dx
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I. INTRODUCTION
Magnetic reconnection is a fundamental physical process in a plasma, which is closely related to rapid energy conversion, where magnetic free energy stored in a current sheet is suddenly released, and the plasma is then accelerated and heated. [1] [2] [3] [4] [5] [6] Electrons accelerated during magnetic reconnection are thought to provide the non-thermal part of electron spectra observed in many explosive phenomena in space and laboratory plasmas, such as solar flares, [7] [8] [9] substorms in Earth's magnetosphere, [10] [11] [12] and disruptions in laboratory fusion experiments. 13, 14 Electrons are found to be accelerated in several sites of magnetic reconnection. They can be accelerated in the vicinity of the X line and pileup region by the reconnection electric field [15] [16] [17] [18] [19] [20] and in the jet front where electron motions are adiabatic and electrons are accelerated by Fermi and betatron mechanisms. [21] [22] [23] [24] The efficiency of electron acceleration may be enhanced due to the existence of the parallel electric field in the separatrix region to trap these electrons. 25, 26 With in situ observations in Earth's magnetotail, Wu et al. 27 demonstrated that a multistage acceleration in magnetic reconnection is necessary to energize electrons to higher energy. Recently, magnetic islands are found to play an essential role in electron acceleration, 18, [28] [29] [30] [31] [32] where electrons gain energy when they are reflected from the ends of the contracting magnetic islands. 18, 28 Magnetic islands may be formed between two X lines during multiple X line reconnection, which are called as primary magnetic islands, or in an extended electron diffusion region, which are named as secondary islands. 5, [33] [34] [35] Electrons are also highly energized during the coalescence of magnetic islands, 31, [36] [37] [38] [39] while the coalescence of magnetic islands during magnetic reconnection has been in situ observed in Earth's magnetotail with Cluster spacecraft. 40, 41 With a guide-center theory, Wang et al. 39 analyzed the mechanisms of electron acceleration during the coalescence of magnetic islands, and the islands are formed in multiple X line magnetic reconnection with a guide field. Here, due to the existence of the strong guide field, electron motions can be considered to be adiabatic, and a guide-center approximation can be used to analyze electron motions in the guide field reconnection. Under the guiding-center approximation, the evolution of the energy e of a single electron can be given as 42, 43 
where
=2B is the magnetic moment, c is the Lorentz factor, and
? b=ð2X ce ÞÞ Â ðrB=BÞ are the curvature and gradient B drifts, respectively. X ce ¼ eB=cm e c is the electron cyclotron frequency, and j ¼ b Á rb is the curvature. Eq. (1) can be described as follows after summing all particles in a local region:
where U is the kinetic energy, u E is the 'E Â B' drift velocity, and u jj is the bulk velocity parallel to the magnetic field. n is the electron density and p ? and p jj are the perpendicular and parallel pressures, respectively. The first term in Eq. (2) is the acceleration by the parallel electric field, and the a) Author to whom correspondence should be addressed. Electronic mail: qmlu@ustc.edu.cn second term is the betatron mechanism corresponding to perpendicular heating or cooling due to the conservation of magnetic moment l. The last term drives parallel acceleration, which arises from the first-order Fermi mechanism. 42, 43 Wang et al. 39 found that electrons are mainly accelerated by the parallel electric field and Fermi mechanism during the formation and coalescence of magnetic islands in multiple X line reconnection, and with the increase in the guide field, the contributions of Fermi acceleration become less and less important. Satellite observations have evidenced that electrons can also be accelerated in a secondary island. 34 In this paper, with a guide-center theory, we quantitatively analyze the mechanisms of electron acceleration during the formation of a secondary island in an extended electron diffusion region and its coalescence with a primary island. This paper is organized as follows: In Section II, we delineate our simulation model. The simulation results are presented in Section III. We summarize our results and give discussion in Section IV.
II. SIMULATION MODEL
A two-dimensional (2D) particle-in-cell (PIC) simulation model is used in this paper to investigate the mechanisms of electron acceleration during the evolution of a secondary island formed in magnetic reconnection with a guide field. In our PIC simulations, the electromagnetic fields are defined on the grids and updated by solving the Maxwell equations with a full explicit algorithm, and ions and electrons are advanced in these electromagnetic fields. The initial configuration of the magnetic field consists of a uniform guide field superimposed by a Harris equilibrium. The magnetic field and the corresponding number density are given by
where B 0 is the asymptotic magnetic field, d is the half-width of the current sheet, B y0 is the initial guide field perpendicular to the reconnection plane, n b is the number density of the background plasma, and n 0 is the peak Harris number density. The initial distribution functions for ions and electrons are Maxwellian with a drift speed in the y direction, and the drift speeds satisfy the following equation:
, where V e0 ðV i0 Þ and T e0 ðT i0 Þ are the initial drift speed and the temperature of electrons (ions), respectively. We set T i0 =T e0 ¼ 4 and n b ¼ 0:2n 0 in our simulations. The initial half-width of the current sheet is set to be d ¼ 0:5d i (where d i ¼ c=x pi is the ion inertial length defined on n 0 ) and the mass ratio m i =m e ¼ 100. The light speed is c ¼ 15v A , where v A is the Alfven speed based on B 0 and n 0 .
The computations are carried out in a rectangular domain in the ðx; zÞ plane with the dimension L x Â L z ¼ ð51:2d i Þ Â ð12:8d i Þ. The grid number is N x Â N z ¼ 1024 Â256. Therefore, the spatial resolution is Dx ¼ Dz ¼ 0:05d i , and the time step is X i t ¼ 0:001, where X i ¼ eB 0 =m i is the ion gyro-frequency. We employ more than 5 Â 10 7 particles per species to simulate the plasma. The periodic boundary conditions are used along the x axis, and the ideal conducting boundary conditions for the electromagnetic field and reflected boundary condition for particles are used in the z direction. The reconnection is initiated by a small flux perturbation, which bypasses the linear growth rate of the tearing mode. The perturbation has the form dw
Here, the initial disturbance amplitude w 0 is set to be 0:05B 0 d i .
In this paper, we run three cases with the initial guide field B y0 ¼ 0:5B 0 , 1:0B 0 , and 2:0B 0 where electron motions are almost kept as adiabatic, and the guide-center approximation can be used to investigate the mechanisms to produce the non-thermal electrons during the evolution of the secondary island in magnetic reconnection.
III. SIMULATION RESULTS
We first analyze the reconnection case with the initial guide field B y0 ¼ 1:0B 0 , and reconnection begins at about X i t ¼ 15. Figure 1 shows the distribution of high energy electrons n 0 e =n e at X i t ¼ 28, 30, 32, 34, and 36 for the case with the initial guide field B y0 ¼ 1:0B 0 , where n 0 e is the number density of electrons with energy e > 0:1m e c 2 and n e is the total electron number density. The magnetic field lines are also plotted in the figure for reference. At first, two X lines are formed in the current sheet due to the multiple X line reconnection, and two primary magnetic islands (around x ¼ 13c=x pi and 38c=x pi , respectively) are generated in the simulation domain. High energy electrons are distributed in the vicinity of the reconnection sites and at the edge of the primary islands. Then, at about X i t ¼ 32, a secondary island is generated in the extended electron diffusion region around x ¼ 25:6d i . At last, the secondary island is merged with the primary island around x ¼ 38c=x pi . We can also find that the high energy electrons are enhanced in the secondary island, which means that electrons can be accelerated in the secondary island. Figure 2 presents the contributions of the parallel electric field and Fermi and betatron mechanisms to electron acceleration during magnetic reconnection at X i t ¼ 28, 30, 32, 34, and 36 for the case with the initial guide field B y0 ¼ 1:0B 0 , and contributions are calculated based on Eq. (2). Electrons are accelerated mainly by the parallel electric field and Fermi mechanism. The electron acceleration by the parallel electric field occurs in the vicinity of the X line (includes the secondary island) due to the existence of the reconnection electric field, while electrons can be accelerated by the Fermi mechanism when they are trapped in both the primary magnetic islands and secondary island. How electrons are accelerated in the primary islands has been already thoroughly studied in the previous work. 39 In this paper, we will demonstrate how the formation of a secondary island in the vicinity of the X line influences electron acceleration in magnetic reconnection.
In order to evaluate different mechanisms of electron acceleration in the secondary island, we trace a defined flux tube whose outer boundary has the magnetic flux w ¼ 1:7B 0 d i in the secondary island and then integrate the contributions from the acceleration mechanisms based on Eq. (2): the parallel electric field, Fermi mechanism, and betatron mechanism over the flux tube. Figure 3 
) formed a closed configuration. The core region of the secondary island was circled by it. At X i t ¼ 33:2, the flux tube circled by the field line with w ¼ 1:7B 0 d i just begins to be generated, and at X i t ¼ 37:3, the same flux tube begins to merge with the primary island in the right side of the simulation domain. Figure 3(b) exhibits the time evolution of the contributions from the parallel electric field (cyan) and Fermi (red) and betatron (blue) mechanisms to the enhancement of energetic electrons in the flux tube for the case with the initial guide field B y0 ¼ 1:0B 0 . The parallel electric field works during the periods when the flux tube begins to be formed and merge with the primary island. However, the Fermi mechanism only works when the flux tube begins to merge with the primary. The contribution of the betatron mechanism to energetic electrons is negligible. Figure 3(c) shows the measurement of the acceleration term dU e =dt, which is calculated from the particles located in the flux tube at X i t ¼ 33:2, and the sum of the contributions from the parallel electric field and Fermi and betatron mechanisms based on Eq. (2). The measurement of the acceleration term dU e =dt is consistent with the sum of the contributions from the parallel electric field and Fermi and betatron mechanisms. It means that the adiabatic theory used in this paper works well to study electron acceleration. Figure 4 shows the evolution of the secondary island at X i t ¼ 31, 33, 35, 37, and 38 for the case with the initial guide field B y0 ¼ 1:0B 0 , and different colors denote different layers in the secondary island. Around X i t ¼ 33, the secondary island is formed, and then it moves toward the right until merges with the primary island. 
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Wang et al. Phys. Plasmas 24, 052113 (2017) island for the case with the initial guide field B y0 ¼ 1:0B 0 , and different layers denote different colors corresponding to those in Fig. 4 . Similar to that in Fig. 3 , electrons are accelerated by the Fermi mechanism only when the secondary island begins to merge with the primary island, while electrons can be accelerated by the parallel electric field when the secondary island is formed and merges with the primary island. We further find that the contributions of both the parallel electric field and Fermi mechanisms are larger in the inner layers than those in the outer layers. This is illustrated more clearly in Fig. 6 , in which the spatial distributions of the electron nongyrotropy, the contributions of the parallel electric field, and Fermi and betaron mechanisms to energetic electrons in the secondary island at X i t ¼ (a)33 and (b)37 for the case with the initial guide field B y0 ¼ 1:0B 0 are shown. The electron nongyrotropy is calcu-
Tr P e ð Þ , where P e is the electron full pressure tensor and N ij represents the matrix elements of N, defined as the nongyrotropic part of the electron full pressure tensor. 44 The electron nongyrotropy is almost zero in the secondary island, and it means that the guide-center theory can be used to analyze the electron acceleration here. The times X i t ¼ 33 and 37 stand for the periods, when the secondary island is formed and merges with the primary island, respectively. When the secondary island is formed, the contribution of the parallel electric field exists inside the secondary island due to the existence of the reconnection electric field in the vicinity of the X line. However, when the secondary island begins to merge with the primary island, the contribution of Fermi mechanisms forms a bipolar distribution in the secondary island. The positive term in the left part is stronger than the negative term in the right part. The net effect of the Fermi mechanism in the secondary island is positive for electron acceleration, which is shown in Fig. 5(b) . Simultaneously, the reconnection electric field with the direction reverse to that in the vicinity of the X line is generated around the merging region; therefore, the contributions of the parallel electric field are negative in the right part of the secondary island. Figures 7(a)-7(c) show the trajectory of a typical electron trapped by the secondary island during different time intervals for the case with the initial guide field B y0 ¼ 1:0B 0 , and Figure 7 (d) shows this electron kinetic energy e=m e c 2 versus its spatial location x. During the period 32:5 < X i t < 34, the secondary island has just been formed, and the electron is trapped and accelerated mainly by the parallel electric field in the secondary island, which has been depicted in Fig. 5 . During the period 34 < X i t < 36:25, the secondary island moves quickly toward the primary island, and the electron is still trapped in the secondary island and accelerated by the parallel electric field. During the time period 36:25 < X i t < 37:4, the secondary island begins to merge with the primary island, and the electron pass through the merging region between the secondary and primary islands. The electron energy increases when it passes through the left end of the secondary island and slightly decreases when it passes through the merging region. field 1:0B 0 , during the formation of the secondary island, the dominated mechanism for electron acceleration is the parallel electric field acceleration. When the secondary island begins to merge with the primary island, the contributions of both the parallel electric field and Fermi mechanism form a bipolar distribution in the secondary island, and their net effects are positive. In this case, the contribution of the betatron mechanism to electron acceleration cannot be neglected because the secondary island can be slightly compressed. Figure 9 (a) shows the spatial distribution of the contributions from the parallel electric field and Fermi and betatron mechanisms to energetic electrons in the secondary island and (b) the time evolution of the contributions from the parallel electric field (green) and Fermi (red) and betatron (blue) mechanisms to the enhancement of energetic electrons in the flux tube (denoted by the green line in Fig.  9(a) ) for the case with the initial guide field B y0 ¼ 2:0B 0 . We can find that in this case, only the parallel electric field has contribution to electron acceleration in the secondary island.
IV. CONCLUSIONS AND DISCUSSION
In this paper, with a 2D PIC simulation model, we have studied electron acceleration in a secondary magnetic island generated in a guide field reconnection. A secondary island can be formed in the elongated electron current sheet, and then it moves toward the primary magnetic island until merges with the primary island completely. The parallel electric field and Fermi mechanism are found to play important roles in electron acceleration in the secondary island. During the formation of the secondary island, electrons are mainly accelerated by the parallel electric field due to the existence of the reconnection electric field in the vicinity of the X line. When the secondary island begins to merge with the primary island, electrons can be accelerated by both the parallel electric field and Fermi mechanism. Different from the primary island formed during multiple X line reconnection with a guide field, the secondary island formed in the vicinity of the X line is hard to be compressed, where Fermi acceleration can only work during its merging with the primary island. With the increase in the initial guide field, the formed secondary island becomes more and more difficult to be compressed, which makes the Fermi mechanism less and less important. Compared with electron acceleration in a primary island formed during multiple X line reconnection, 39 the efficiency of electron acceleration in a secondary island formed during an extended electron current is not so high due to its smaller scale size.
In situ observations have evidenced the enhancement of energetic electrons in a secondary island. 12 Drake et al.
28
attributed such enhancement of energetic electrons in a secondary island to the Fermi mechanism. However, our simulations show that electrons in a secondary island can be accelerated by both the parallel electric field and Fermi mechanism, and with the increase in the guide field, the contribution from the Fermi mechanism becomes less and less important. When the guide field is sufficiently strong, the contribution from the Fermi mechanism can be neglected. Both simulations 24, 33, 45, 46 and observations 40 have found that plenty of secondary magnetic islands can be generated in an electron current sheet or a large-scale magnetic island. These islands may interact each other, 40 and they should have complicated three-dimensional structures. 45 All these may change the role of secondary islands in electron acceleration during magnetic reconnection, which is our future investigation. in (a) ). The bottom panel shows the measurement of the acceleration term dU e =dt, which is calculated from the particles located in the secondary island with boundary w ¼ 2:2B 0 d i , and the sum of the contributions from the parallel electric field and Fermi and betatron mechanisms based on Eq. (2).
